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ABSTRACT

INNOVATIVE DESIGN AND PROCESSING OF MULTI-FUNCTIONAL ADAPTIVE STRUCTURAL 
MATERIALS

Report Title

Our project on adaptive structural materials began with bone as a source of inspiration for adaptive materials systems. Examining the 
structure of natural bone leads to the five guiding principles for our research: (i) load bearing by hierarchically porous materials; (ii) 
adaptive, sensing load and supplying mass to reinforce at load-bearing sites through material deposition and dissolution; (iii) transport of 
materials using fluid flow through low density porous cy systems; (iv) energy to drive processes taken from storage sites, which are 
replenished by internal or external energy generation; (v) mechanisms, which are not fully understood for bone, but knowing the 
fundamental mechanisms allows these to be adjusted for application to synthetic systems. The problem as defined in the third year of the 
program was how to change soft materials into hard structures reversibly, in response to load or other environmental stresses. The 
approaches we used in the third year of the program include (i) reversible jamming, layering, welding and/or percolation; (ii) dissipative 
materials; and (iii) granular chemistry.
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INNOVATIVE DESIGN AND PROCESSING OF MULTI-FUNCTIONAL  
ADAPTIVE STRUCTURAL MATERIALS  

GRANT NUMBER: W911NF-09-1-0476  

Ilhan A. Aksay, Princeton University, Principal Investigator  

ABSTRACT  
Our project on adaptive structural materials began with bone as a source of inspiration for 

adaptive materials systems. Examining the structure of natural bone leads to the five guiding 
principles for our research: (i) load bearing by hierarchically porous materials; (ii) adaptive, 
sensing load and supplying mass to reinforce at load-bearing sites through material deposition 
and dissolution; (iii) transport of materials using fluid flow through low density porous systems; 
(iv) energy to drive processes taken from storage sites, which are replenished by internal or ex-
ternal energy generation; (v) mechanisms, which are not fully understood for bone, but knowing 
the fundamental mechanisms allows these to be adjusted for application to synthetic systems. 
The problem as defined in the third year of the program was how to change soft materials into 
hard structures reversibly, in response to load or other environmental stresses. The approaches 
we used in the third year of the program include (i) reversible jamming, layering, welding and/or 
percolation; (ii) dissipative materials; and (iii) granular chemistry.  
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7. G. M. Whitesides, et al., “Fabric-based strain sensors and switches to control the flow of flu-

ids, electronic current and light.”  
8. A. M. Pires, D. M. Dabbs, I. A. Aksay, “Mechanical properties of L3-templated nanostruc-

tured silica fibers.”  
9. H. Sai, D. M. Dabbs, I. A. Aksay, “Mechanical properties of L3-templated nanostructured sil-
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Aksay, “Enhanced Distributed Deformation in Graphene-Silicone Nanocomposites.”  
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 R&D 100 Award – Slippery liquid-infused porous surfaces (SLIPS) 
 Distinguished Franklin Award in Chemistry - Rice University 
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ences,” Stanford University 
 Jerome B. Cohen Distinguished Lectureship, Northwestern University 
 Distinguished Naff Lectureship, Kentucky University 
 Science as Art competition, second place - Materials Research Society 
 Science Magazine Photography Competition 
 Poster Award, Materials Research Society  

D. P. Holmes   ASEE Ferdinand P. Beer and E. Russell Johnston, Jr. Outstanding New 
Mechanics Educator  

G. M. Whitesides   Benjamin Franklin Medal in Chemistry (Franklin Foundation) (2009) 
 Fast Company Magazine. 100 Most Creative People in Business (2009) 
 Dreyfus Award in Materials Chemistry (Dreyfus Foundation) (2009) 
 Popular Mechanics Magazine: “Breakthrough Award, 2009” 
 IKCOC Prize (International Kyoto Conference on New Aspects of Or-

ganic Chemistry) (2009) 
 Othmer Gold Medal (Chemical Heritage Foundation) (2010) 
 Phi Beta Kappa (honorary member, Harvard University) (2010) 
 King Feisal Prize in Science (Saudi Arabia) (2011) 
 F. A. Cotton Award (Texas ACS Section) (2011) 
 Priestley Award (Dickenson College) (2011) 
 Honorary Doctor of Science, University of Windsor, Canada (2010) 
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 Honorary Doctor of Science, McGill University, Canada (2010) 
 Honorary Doctor of Science, Université Libre de Bruxelles, Belgium 

(2010) 
 Honorary Doctor of Science, Aarhus University, Denmark (2011) 
 Honorary Doctor of Science, Freie Universitaet Berlin, Germany (2012); 
 Honorary Doctor of Science, Université Libre de Bruxelles, Belgium 

(2012)  
H. A. Stone   Kobayashi-Morrison Lecture, Department of Mechanical Engineering, 

University of Washington, May 2012  
 Disquisitiones Mechanicae, Mechanical Science & Engineering, Univ. 

Illinois, Febru-ary 2012  
 Visiting Professor, Institut Jean le Rond dAlembert, Paris, July 2011.  
 Visiting Professor, FAST Laboratory, Paris, July 2011.  
 Elected to membership in the American Academy of Arts and Sciences, 

April 2011.  
 Engineering Council Teaching Award, School of Engineering and Ap-

plied Sciences, Princeton University, February 2011.  
 BSL Lecture, Dept of Chemical and Biological Engineering, University 

of Wisconsin, May 2011.  
 Pollack Lectures, Technion – Israel Institute of Technology, Haifa Isra-

el, March 2011.  
 Liviu Librescu Memorial Lecture, Department of Engineering Science 

and Mechanics, Virginia Tech, March 2011.  
 Civil Engineering and Geological Sciences, Notre Dame, Edison Distin-

guished Lecture, April 2011.  
 Department of Chemical Engineering and Applied Chemistry, Lectures 

at the Leading Edge, University of Toronto, April 2011.  
 Invited speaker, Distinguished Seminar Series, Department of Chemical 

Engineering, Imperial College, London, January 2011.  
 Visiting Professor, Chaire Saint Gobain, ESPCI, Paris, July 2010  
 H.A. Stone, Carl J. Rees Distinguished Lecturer, Dept Mathematical 

Sciences, U. Delaware, April 2010  
 H.A. Stone, DiPrima Lecture, Dept of Mathematical Sciences, Rens-

selear Polytechnic Institute, April 2010  
 H.A. Stone, Haythornthwaite Foundation Lecture, College of Engineer-

ing, Temple University, January 2010  
 H.A. Stone, Orsted Lecture, Technical University of Denmark (DTU), 

November 2009  
I. A. Aksay   Turkish Academy of Sciences (TÜBA), 2010  

 National Academy of Engineering, February 2010  
 Partner University Fund, French Embassy, July 2010  
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PATENTS SUBMITTED  
1. D.P. Holmes, J.S. Hochgraf, M. Libuit. “Active Shear Thickening Fluid Composite Ortho-

sis,” 2012.  
2. H.A. Stone, D.P. Holmes, G. Froehlicher. “Control and Manipulation of Fluid Flow via Elas-

tic Deformations,” 2011.  
3. R.M. Martinez and G.M. Whitesides, “Programmable Paper-Elastomer Composites as Pneu-

matic Actuators,” PROV Priority, 2012.  
4. R.M. Martinez and G.M. Whitesides, “Apparatus, Systems, and Method for Providing Fabric 

Elastomer Composites as Pneumatic Actuators,” PCT, 2013.  
5. J.-Y. Sun, X. Zhao, W.R.K. Illeperuma, K.H. Oh, D.J. Mooney, J.J. Vlassak, Z. Suo, “Inter-

penetrating networks with covalent and ionic crosslinks for extremely stretchable and tough 
hydrogels,” 2012.  

6. J. Aizenberg and P. Kim, “Hierarchical Structured Surfaces To Control Wetting Characteris-
tics” PCT/US11/44553 2011.  

PATENTS AWARDED  
None during report period.  
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INNOVATIVE DESIGN AND PROCESSING OF MULTI-FUNCTIONAL  
ADAPTIVE STRUCTURAL MATERIALS  

GRANT NUMBER: W911NF-09-1-0476  

Principal investigator(s), affiliation  

SCIENTIFIC PROGRESS AND ACCOMPLISHMENTS  
Our project on adaptive structural materials begins with bone as a source of inspiration for 

adaptive materials systems. Examining the structure of natural bone leads to the five guiding 
principles for our research: (i) load bearing by hierarchically porous materials; (ii) adaptive, 
sensing load and supplying mass to reinforce at load-bearing sites through material deposition 
and dissolution; (iii) transport of materials using fluid flow through low density porous systems; 
(iv) energy to drive processes taken from storage sites, which are replenished by internal or ex-
ternal energy generation; (v) mechanisms, which are not fully understood for bone, but knowing 
the fundamental mechanisms allows these to be adjusted for application to synthetic systems. 
The principal problem addressed by the program was how to change soft materials into hard 
structures reversibly, in response to load or other environmental stresses. The approaches used 
(Fig. 1) included (i) reversible jamming, layering, welding and/or percolation; (ii) dissipative 
materials; and (iii) granular chemistry.  

ELECTROCHEMICAL WELDING AND DEWELDING  

Electroplating on Compliant Substrates  
Ilhan A. Aksay, Princeton University  

Measuring the dissolution dynamics of thin films in situ both with spatial and temporal resolu-
tion can be a challenging task. Available methods such as scanning electrochemical microscopy 
rely on scanning the specimen and are intrinsically slow. We developed a characterization tech-
nique employing only an optical microscope, a digital charge coupled device camera, and a com-
puter for image processing. It is capable of detecting dissolution rates of the order of nm/min and 
has a spatial and temporal resolution which is limited by the imaging and recording setup. We 
demonstrate the capabilities of our method by analyzing the electrochemical dissolution of cop-
per thin films on gold substrates in a mild hydrochloric acid solution (Fig. 1a). Due to its sim-
plicity, our technique can be implemented in any laboratory and can be applied to a variety of 
systems such as thin film sensors or passive coatings.1  

Electrowelding  
George M. Whitesides, Harvard 
University; Ilhan A. Aksay, 
Princeton University  

Thermal welding is a 
powerful technique for join-
ing metal components; 
however, it has materials 
limitations and it is not re-
versible. For example, steel 
is easily welded together 
using thermal welding, but 
non-conductive compo-
nents, like plastics, and non-
metallic components, like Figure 1: Reversible soft to hard transition and approaches.  
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carbon fiber, cannot be joined using thermal weld-
ing, and a thermal weld is designed for permanence. 
We desire a method that can reversibly deposit 
metals onto metals and non-conductive materials, at 
low temperatures, for the purpose of creating struc-
tural connections.  

Our strategy exploits the versatility of electro-
chemistry to reversibly join a variety of different 
materials though electrowelding (Fig. 2a). Experi-
mentally we have designed structures and systems 
that maximize mass transport and adhesion. One of 
the key principles in the experimental design is the 
concept of amplification—a small amount of mate-
rial deposited can make a large difference in the 
structures properties.  

The system we have primarily worked with con-
sists of two interpenetrating nickel mesh cylinders 
(Fig. 2b). Mesh is chosen to allow free mass 
transport through the system. The mesh cylinders 
are separated by steel rods and a sacrificial zinc an-
ode is inserted into the center of the inner cylinder. 
The assembly is placed into a deposition bath con-
taining zinc chloride and a constant current of 1 A 
is applied between the zinc anode and the outer mesh cylinder welding the pieces together with 
zinc (Fig. 2c). The welded assembly, created under these conditions, could withstand a shear 
stress of 2 kPa; depositing more metal and optimizing adhesion improves results. The zinc weld 
was reversed by switching the position of the counter electrode (Fig. 2b) and applying a constant 
potential of 1V.  

Zinc electrowelding is not limited to conductive nickel mesh and steel rods. We were able to 
weld together steel mesh (coated with and insulating material) to a conductive carbon mesh fol-
lowing conditions similar to those above. Again this process was completely reversible.  

Electrochemistry of Graphene  
Ilhan A. Aksay, Princeton University  

Capacitance of Functionalized Graphene Sheets  
We present a general method for characterizing the intrinsic electrochemical properties of gra-

phene sheets, such as the specific double-layer capacitance, in the absence of porosity-related 
artifacts and uncertainties. By assembling densely tiled monolayers of electrically insulating or 
conductive functionalized graphene sheets (FGSs) onto electrode substrates (gold and highly ori-
ented pyrolytic graphite), we demonstrate our ability to isolate their intrinsic electrochemical re-
sponse in terms of surface-specific double-layer capacitance and redox behavior. Using this sys-
tem, the electrochemical properties of various types of graphene can be directly compared with-
out the need to take into account changes in electrode morphology and electrolyte accessibility 
arising because of varying material properties.2  

Graphene-Ionic Liquid Capacitors  
Colloidal dispersions of graphene oxide in a water-ionic liquid solution are used to co-

Figure 2. (a) Schematic of electrowelding process join-
ing two cylinders. (b) Experimental design for zinc elec-
trowelding. (c) A zinc electroweld under 2 kPa of sheer 
stress. The inner mesh cylinder is being held and stress 
applied between inner and outer cylinders. (d) Carbon 
fiber fabric electrowelded with zinc to an insulated steel 
mesh. Inset is the carbon fabric before welding.  
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assemble graphene-ionic liquid laminated structures by first evaporating the water component of 
the dispersion medium and then thermally reducing the graphene oxide to an electrically con-
ducting functionalized graphene state. This process yields a graphene-based electrode in which 
the ionic liquid serves not only as the working electrolyte but also as a spacer to separate the 
functionalized graphene sheets and to increase the electrolyte-accessible surface area. By opti-
mizing the amount of ionic liquid and the degree of graphene oxide reduction, mass-specific ca-
pacitances up to 154 F/g of graphene were achieved at a discharge current of 0.2 A/g. At a low 
ionic liquid content of 60 wt%, one of the highest volume-specific capacitances of approximately 
61 F/cm3 was attained. Tuning the degree of thermal reduction of the graphene oxide and in-
creasing the ionic liquid content to 86 wt% lead to equally high mass-specific capacitance but 
showed improved capacitance at high charge/discharge rates, maintaining 90% of its value at 500 
mV/s. This bottom-up approach to electrode design is simple, scalable, and ideally suited for 
combining potentially any graphene-based material with any ionic liquid electrolyte.3  

FGS Conductivity  
We studied the local voltage drop in functionalized graphene sheets of sub-μm size under ex-

ternal bias conditions by Kelvin probe force microscopy. Using this noninvasive experimental 
approach, we measured ohmic current voltage characteristics and an intrinsic conductivity of 
about 3.7 × 105 S/m corresponding to a sheet resistance of 2.7 kΩ/sq under ambient conditions 
for graphene produced via thermal reduction of graphite oxide. The contact resistivity between 
functionalized graphene and metal electrode was found to be <6.3 × 10-7 Ωcm2.4  

Electrochemical Performance of FGS  
Graphene-based electrodes have recently gained popularity due to their superior electrochemi-

cal properties. However, the exact mechanisms of electrochemical activity are not yet under-
stood. Here, we present data from NADH oxidation and ferri/ferrocyanide redox probe experi-
ments to demonstrate that both (i) the porosity of the graphene electrodes, as effected by the 
packing morphology, and (ii) the functional group and the lattice defect concentration play a sig-
nificant role on their electrochemical performance.5  

JAMMING  

Granular Materials  
George M. Whitesides, Harvard University; Ilhan A. Aksay, Princeton University  

Solid granular materials undergo a discrete transition from a soft phase to a hard phase when 
the granule density, or pressure, is increased beyond a certain point such that the granules be-
come jammed together. This jamming phase transition can be used to reversibly switch between 
hard and soft states of a material with little energy expenditure, yielding materials with adaptive 
mechanical properties. We are investigating the effects of electromagnetic interactions and gran-
ule anisotropy on the mechanical properties of the jammed vs. unjammed states. Recent work in 
this field has focused exclusively on using coffee grounds and other homogeneous fine granular 
matter as a jamming material for switchable material stiffness. We have found that external elec-
tric fields as well as granule charge, heterogeneity, and geometry can have significant effects on 
the soft/hard transition from the unjammed to the jammed state. To this end, we have developed 
four primary test systems to explore the jamming transition:  

Galvanic Microreactor  
We report on a technique that utilizes an array of galvanic microreactors to guide the assembly 

of two-dimensional colloidal crystals with spatial and orientational order. Our system is com-
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prised of an array of copper and 
gold electrodes in a coplanar ar-
rangement, immersed in a dilute 
hydrochloric acid solution in 
which colloidal micro-spheres of 
polystyrene are suspended. Under 
optimized conditions, two-
dimensional colloidal crystals 
form at the anodic copper with 
patterns and crystal orientation 
governed by the electrode geometry. After the aggregation process, the colloidal particles are 
cemented to the substrate by co-deposition of reaction products. As we vary the electrode ge-
ometry, the dissolution rate of the copper electrodes is altered. This way, we control the colloidal 
motion as well as the degree of reaction product formation. We show that particle motion is gov-
erned by a combination of electrokinetic effects acting directly on the colloidal particles and bulk 
electrolyte flow generated at the copper-gold interface.6  

Jammed Piston  
We study the use of airflow for controlled reversibility of the jamming transition (Fig 3a). A 

piston in a tube is free to move when no granular media is present. Introducing airflow into the 
tube prevents granular material from jamming and does not impede the movement of the piston 
motion. With no airflow, the media is compressed into the jammed state, significantly raising the 
pressure. We measure the reversible transition into and out of the jammed state of sand (Fig. 3b). 

Electric Mesh  
We investigate the effect of electric fields and granular charging on the jamming transition. A 

high voltage is applied between a conducting mesh, embedded in a vertical column of sand, and 
a ground plane (Fig. 4a). We find that application of V=-50kV can reversibly stop the flow of 
sand through the column (Fig. 4b,c). We are currently investigating whether dielectric forces or 
granular charging are the primary causes of jamming in this system. 

Charged Beads  
We study the effects of granular charg-

ing on the phase transition of a jammed 
crystal. Beads of opposite electron affinity 
(Delrin/Teflon), contained in a vibrating 
dish, will self-assemble into a jammed 
crystal structure (Fig. 5).  

Structural Beams 
We investigate the effect of granular ge-

ometry on the reversible load bearing ca-
pabilities of the jammed state. We believe 
that rod-like jamming materials can give 
long-range rigidity (Fig 6a) and tetrapods 
can be used to help lock granules together. 
We use a 3-point flexural test to study the 
load bearing capability of a hollow flexible 
tube filled with different granular particles 

Figure 3. Jammed piston.  

Figure 4. (a) Schematic of sand-based jamming system using a con-
ducting mesh. (b) V = 0 kV. (c) V = -50 kV.  

Figure 5. Charged beads self-assembling into a crystal. 
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(Fig. 6b). When vacuum is applied to the beam, the granules jam and the beam becomes rigid; 
evacuating the beam makes it flexible again. We have found that a 2cm x 20cm beam filled with 
1” metal rods can support 4 kg (Fig 6c): when the beam pressure is reverted to atmosphere, the 
beam folds and collapses. Finally, we have measured the stiffness enhancement of various granu-
lar materials (1” wooden rods, 1” metal rods, and metal jacks with coffee grounds), shown in 
Fig. 6d.  

LARGE STRAIN SOFT ADAPTIVE MATERIALS  

Dielectric elastomers with giant voltage-induced deformation  
Zhigang Suo, Harvard University  

A membrane of a dielectric elastomer deforms when a voltage is applied through its thickness. 
The achievable voltage-induced deformation is strongly affected by how mechanical loads are 
applied. We have shown that a relatively simple setup—a clamped membrane of dielectric elas-
tomer—can achieve Giant voltage-induced stretch of 3.6.7 This setup also displays remarkably 
rich interplay of nonlinear processes, including local instability, wrinkling, and snap-through in-
stability. Snap-through instability itself does not always lead to failure; under certain conditions a 
membrane can survive the snap and reach a stable state.  

Large voltage-induced deformation has been demonstrated for a membrane under equal-biaxial 
forces, but only small voltage-induced deformation has been observed for a membrane under a 
uniaxial force. We interpret this difference theoretically.8 Our theory also predicts that, when the 
deformation of a membrane is constrained in one direction, a voltage applied through the thick-
ness of the membrane can cause it to deform substantially in the other direction. Experiments are 
performed on membranes under equal-biaxial forces and uniaxial forces, as well as on fiber-
constrained membranes of two types: a dielectric elastomer membrane with carbon fibers on 
both faces, and two dielectric elastomer membranes sandwiching nylon fibers.8 Experiments 
with membranes under uniaxial forces capture the theoretical prediction that the maximum actua-
tion decreases when the applied force increases. Experiments with fiber-constrained membranes 
give voltage-induced unidirectional strains up to 28%.  

Dielectric Elastomer Actuators with Elastomeric Electrodes  
Zhigang Suo, Harvard University  

For many applications of dielectric elastomer actuators, it is desirable to replace the carbon-
grease electrodes with stretchable, solid-state electrodes. We attach thin layers of a conducting 
silicone elastomer to prestrained films of an acrylic dielectric elastomer and achieve voltage-
actuated areal strains over 70%.9 The influence of the stiffness of the electrodes and the prestrain 
of the dielectric films is studied experimentally and theoretically. It is demonstrated that actua-
tors with fully compliant and those with solid electrodes show qualitatively the same response to 
applied voltages. While the actuation amplitudes are reduced with solid electrodes, we still ob-
serve a transition from electromechanically unstable to stable characteristics which allows for 
large actuation amplitudes. Although the actuator performance is impeded by the presence of sol-

Figure 6. Reversible load-bearing of a composite beam subjected to evacuation to jam granular materials.  
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id electrodes, their use offers advantages as well, such as structural stability, compatibility with 
more complex polymer systems, or the potential for frameless actuator designs. Solid electrodes 
therefore constitute a viable alternative to fully compliant but otherwise more limited electrode 
designs.  

Tough gel  
Zhigang Suo, Harvard University  

Hydrogels are used as scaffolds for tissue engineering, vehicles for drug delivery, actuators for 
optics and fluidics, and model extracellular matrices for biological studies. The scope of applica-
tions, however, is often severely limited by the mechanical behavior of hydrogels. Most hydro-
gels are brittle, having fracture energy on the order of 10 J/m2. We report hydrogels made of 
polymers forming networks via ionic and covalent crosslinks.10 Although such a gel contains ~ 
90% water, it can be stretched beyond 20 times its initial length, and has fracture energy of 
~9000 J/m2. Even for samples containing notches, a stretch of 17 is demonstrated. The tough-
ness is attributed to the synergy of two mechanisms: crack bridging by the network of covalent 
crosslinks, and hysteresis by unzipping the network of ionic crosslinks. Furthermore, the network 
of covalent crosslinks preserves the memory of the initial state, so that much of the large defor-
mation is removed upon unloading. The unzipped ionic crosslinks cause internal damage, which 
heals by re-zipping. These gels may serve as model systems to explore mechanisms of defor-
mation and energy dissipation. Hydrogels with enhanced mechanical properties will expand the 
scope of their applications.  

Thermoporoelastic response of a fluid-saturated porous sphere  
Jean-Herve Prevost, Princeton University  

The fully coupled thermo/hydro/mechanical response of a fluid saturated porous sphere subject 
to a pressure stress pulse on the outer boundary is considered. A full analytical method is devel-
oped and an exact unique solution of the coupled equations is presented. This generality allows 
us to simulate a variety of practical problems.11  

Control and manipulation of flow due to elastic deformation  
Howard Stone, Princeton University; Douglas P. Holmes, Virginia Tech  

Controlling and directing the flow within a microfluidic device or channel is important for a 
variety of applications ranging from self-healing devices to microfluidic diagnosis and analysis. 
Significant advances in microfluidic accuracy have been made using externally actuated valves, 
though the presence of external power and hardware lead limit the devices range of use. Devel-
oping a fully internally controlled device will allow the technology to be used as highly portable 
or embeddable tool for directing fluid flow, such as for controlling localized flow in adaptable 
materials. For example, in the advance we describe here we have designed and implemented a 
method for directing fluid flow in deformable materials such that the flow is from regions of low 
to high stress, which is consistent with a necessary step if material is to be directed internal to a 
device for reinforcement where stresses are large.  

We have demonstrated significant steps towards this goal. In particular, we utilize elastic de-
formations within a flexible device via mechanical actuation to control and direct fluid flow. A 
flexible arch within a micro- or milli-fluidic channel is designed to prevent fluid flow in its ini-
tial, strain-free state, while upon stretching or bending the device, the arch deformable arch acts 
like a valve allowing fluid to flow. A demonstration is given in Fig. 7a and the design principle is 
sketched in Fig. 7b. Red denotes liquid, which resides in a pressurized chamber and so flows 
when the valve opens.  

The design features take advantage of soft lithography. A PDMS substrate with a channel of 
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Figure 7. (a) i and I Images of a flexible microfluidic device in its 
initial state containing a fluid (red) that cannot flow. As the material is
ii stretched or II bent, the flexible valve within the device deforms to 
allow fluid to flow. (b) A schematic illustrating the fabrication of the 
device. i. The substrate is stretched and a thin film is bonded to it. ii. 
Upon relaxation of strain, the thin film buckles to an arch. iii. The top 
layer of the device is bonded to the bottom layer,	with the	arch acting 
as a flexible valve. iv. After fabrication, fluid is unable to flow within 
the microfluidic channel. v. Upon stretching, or bending, the thin elas-
tic arch within the channel deforms allowing fluid to flow.	 

Figure 8. (a) Normalized deflection of the center of the arch w(0) is plotted as a
function of the strain with experimental points obtained by image analysis. i, ii and 
iii are example images from different stretches L. The analytical curve is deter-
mined by the buckling of an Euler column. (b) Profiles of the buckled thin film after 
fabrication. The lines correspond to the experimentally measured contour via image 
analysis. As the device is uniaxially stretched from L = L0 = 1, i.e. the initial state
after fabrication described in (a), to a new length the contour of the film goes from 
buckled to flat. The inset shows the height of arch at its center as a function of uni-
axial extension. The dashed line corresponds to the theoretically predicted curve.  

length L is uniaxially stretched to length 
L in the direction orthogonal to the 
channel. A thin PDMS film, with thick-
ness h =O(100 m), is bonded to the 
stretched PDMS substrate, and upon re-
lease of the uniaxial strain buckles to form 
an arch of height w along the length of the 
channel. If we consider the symmetric 
buckling of a bar, i.e. the one- dimension-
al Euler column, we can describe the de-
formation quantitatively. Experimental 
measurements and predictions are shown 
in Fig. 8 and demonstrate our ability to 
predict and control the deflection of the 
film.  

In the next step a channel is placed 
above this design, and this film is used as 
a valve. The channel is connected to a liq-
uid-filled reservoir, which is pressurized. 
We have measured the flow rate through 
the channel for different “valve” deflec-
tions. In addition, we have theoretically 
calculated the flow rate for different de-
flections of the valve using an extension 
of lubrication theory. The results are summarized in Fig. 9, which compares theory and experi-
ments. In this way, we have quantified everything about the valve, from its elastic deformation as 
a function of an applied strain, to the flow rate through the partially blocked channel.  

Dynamic responses of soft materials – Bending, buckling and twisting  
Howard Stone, Princeton University; Douglas P. Holmes, Virginia Tech  

Soft materials (e.g. tissue, gels) undergo volume changes and instabilities when subjected to 
external stimuli. Such reconfigurable materials offer significant possibilities for novel adaptable 
materials. We provide two examples in this section. In particular, we present the dynamic insta-
bilities that occur by straining 
an elastomer anisotropically. 
We have shown how thin elas-
tic plates, both narrow beams 
and circular disks, can undergo 
rapid bending and buckling in-
stabilities after exposure of the 
cross-linked, elastic network to 
a favorable solvent that causes 
swelling. The equilibrium shape 
of the swollen material is de-
termined by the minimization 
of the system's bending energy 
in conjunction with any exter-
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nal forces and constraints; we focus on dynamics. We have de-
veloped a quantitative understanding of this phenomenon using 
theoretical ideas of poroelasticity to illustrate shape changes 
possible for applications involving adaptable materials.  

Controlled bending of a beam driven by swelling caused by 
solvent imbibition  

We deposit a small drop of a favorable solvent (typically 
hexane or a silicone oil) on a porous gel (e.g. PDMS). Upon 
absorption of the liquid, the gel swells and shape changes fol-
low as illustrated in Fig. 10 for various shapes of beams. In par-
ticular, an unconstrained beam bends along its length, while a 
circular disc bends and buckles with multiple curvatures that 
rotate azimuthally around the disc (Fig. 10,12). Theoretical in-
terpretations motivated by the complementary thermal expan-
sion problem of transient shape changes triggered by time-
dependent heating, when combined with the theoretical ideas of 
poroelasticity, offer both experimental and quantitative theoret-
ical interpretations. In the simplest case of an initially straight 
beam (Fig. 10a), the swelling first induces bending of the beam 
into a simply curved state. As the liquid penetrates the gel and 
swells it uniformly, then the beam recovers its initial straight 
state. If the beam has an initially curved state, the swelling can 
produce a “snap buckle” to a state with opposite curvature (Fig. 
10b,c).  

We have quantified the dynamics by measuring, for the con-
figuration in Fig. 10a, the curvature of the beam at its center 
(Fig. 11). The curvature begins equal to zero (the flat state), 
bends to its most curved state at a time min, and then returns to the flat state. The curvature at the 
center is reported as a function of time in Fig. 11b (several beams and several different viscosity 
liquids are used) and displayed in dimensionless terms (obtained from theory) in Fig. 11c. The 
theory collapses data for different beams and different viscosity liquids (Fig. 11d).  

Bending of a circular disk driven by swelling caused by imbibition of a solvent  
The same type of solvent-induced swelling for a circular disc causes bending and buckling; de-

formation modes travel as waves that rotate azimuthally around the disc (Fig. 12).12 A plot of 
curvature versus time illustrates that the disc's principle curvatures are equal at short times. Once 
a bifurcation point is reached, one curvature increases while the other decreases until the disc 
relaxes back to its original shape. Since there is no equilibrium direction for the principle curva-
tures, the buckle rotates as a wave-like motion azimuthally around the disc (Fig. 12).  

Electrically driven motion of dielectric liquids  
Howard Stone, Princeton University; Douglas P. Holmes, Virginia Tech  

In electrohydrodynamic (EHD) pumping, fluid forces are generated by the interaction of elec-
tric fields with the charges they induce in the fluid. In particular, when a potential difference is 
imposed on a layer of dielectric liquid between two electrodes, an electrical shear stress acts on 
the interface of the liquid and drives a fluid flow. Here, we demonstrate the effect of the tangen-
tial electric field on the motion of dielectric liquid in a narrow wedge-shaped gap and show the 

Figure 9. (a) A schematic of fluid flow 
within the microfluidic device. A fluid
with velocity U flows from left to right 
over an elastic arch whose shape w(X). 
The height of the gap is described by the 
compliment of the arch's height, b(X), 
than spans a channel height W. (b) The 
flow rate Q normalized by the two-
dimensional flow in a rectangular channel 
Q0 and plotted versus b0=W. The dotted 
line is the zeroth order solution to the 
lubrication theory, while the dashed and 
solid lines represent the second and fourth 
order solutions, respectively. Excellent 
agreement between theory and experi-
ment is obtained. 
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ability to selectively move liquids in nar-
row columns from a reservoir (Fig. 13). We 
believe that such mechanisms, coupled 
with other ideas in the MURI for control-
ling electrical potential, offer opportunities 
for internally moving liquid in a porous 
structure.  

The fluid is driven to high electrical po-
tential region due to tangential field, while 
if the local field gets too high the liquid 
interface takes a conical shape (Taylor 
cone) induced by a normal electric field to 
the interface, which leads to an instability. 
We have performed a large number of ex-
periments varying the fluid viscosity and 
gap geometry. The dynamics are controlled 
by the viscously dominated motion of the 
liquid film and we have published this 
work in the past few months.13  

Structural Color  
Ilhan A. Aksay, Princeton University  

We have developed electrically conduct-
ing silicone elastomer nanocomposites that 
serve both as compliant electrodes in an 
electrostatic actuator and, at the same time, 
as optically active elements creating struc-
tural color. We demonstrate the capabilities 
of our setup by actuating an elastomeric 
diffraction grating and colloidal-crystal-
based photonic structures (Fig. 1c).14  

Buckling-induced reversible symmetry 
breaking and chiral amplification in 
supported cellular structures  
Joanna Aizenberg, Harvard University  

Chirality on all length scales is crucial in 
understanding and controlling the behavior 
of living and non-living systems because 
the presence or absence of chirality in the 
structures plays important roles in their in-
teractions with molecules, enzymes, light, 
and mechanical stress. While at the molec-
ular scale few systems have been reported 
capable of spontaneous symmetry breaking 
followed by amplification of this initial bi-
as to molecules of single handedness, the 
generalization of this process to larger 

Figure 10: Global and localized bending of beams swollen non-
homogenously with a favorable solvent. (a) A narrow beam with
free edges is swollen non-homogenously by placing a droplet of
hexane on one side. The expansion of the top surface of the beam
causes the material to initially bend sharply and then relax back to
its initial shape. (b) A beam swollen with hexane at two locations on
opposite faces leads to localized bending of opposite curvatures. (c)
An initially curved beam bends and decreases its curvature when
swollen with a favorable solvent.  

Figure 11: Dynamics of beam bending. (a) Images of a beam swol-
len with silicone oil bending to its maximum curvature. (b) Raw data
of curvature versus time for beams of various thicknesses swollen
with different solvents. (c) A plot of normalized beam curvature ()
versus time normalized by the diffusion time based on the analogy
with the thermal bending of beams. (d) The raw data from b is nor-
malized based on the parameters in the theory we developed, with
time scaled by the poroelastic time, p. The data for a range of beam
thicknesses and fluid properties collapses to a qualitatively similar
profile that is predicted by the theory (see Holmes et al. 2011).  

Figure 12: Bending and bifurcation of circular discs. (a) Optical
images and schematic as a circular disc buckles axisymetrically, i.e.
the two curvatures are equal, before bifurcating with distinct curva-
tures 1 different than 2. (b) A plot of normalized curvature versus
time. A bifurcation occurs causing the two curvatures to differ in
magnitude (dashed line added to guide the eye). (c) Normalized
curvature versus normalized time is determined by minimizing the
total strain energy of the disc. Our experimental data is in very good
agreement with this theory. (d) Images of the circular disc as it re-
laxes back to its initial, flat state.
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length scales remains a fundamental challenge. We 
demonstrate chiral symmetry breaking followed by 
full amplification to yield uniform chiral patterns of 
single handedness utilizing buckling, which is tradi-
tionally considered a failure mode.  

Guided by extensive theoretical analysis, we tai-
lored model cellular structures where buckling induc-
es a reversible switching between achiral and chiral 
configurations. Given that the proposed mechanism is 
governed by a mechanical instability that is scale-
independent, the principle can be generalized over a 
wide range of length scales, geometries, materials, 
and stimuli as shown in Fig. 14. Importantly, this scale-independent behavior allows us to scruti-
nize the kinetic processes of both the nucleation which causes the symmetry breaking, and the 
subsequent propagation/cascade of this chirality which is assisted by a localized self-correction 
mechanism to yield uniform patterns of single handedness. Furthermore, we show that the sign 
of chirality can be encrypted, read out and overwritten in the architecture as demonstrated in Fig. 
15. Buckling- induced chiral pattern formation therefore introduces a versatile class of trans-
formable architectures with potential practical applications ranging from switchable optics to 
tunable mechanical metamaterials.  

Enriching libraries of mechanically robust high-aspect-ratio micro- or nanostructures by 
rapid, low-cost, benchtop nanofabrication method: Structural Transformation by Electro-
deposition on Patterned Substrates (STEPS)  
Joanna Aizenberg and George M. Whitesides, Harvard University  

We developed a protocol for transforming the structure of an array of high-aspect-ratio (HAR) 
micro/nanostructures into various new mechanically reinforced geometries based on STEPS fab-
rication method reported last year. Polymeric HAR arrays are soft lithographically replicated 
from a Bosch etched silicon master pattern. A set of metal electrodes is patterned on the original 
pattern using various conditions to which conductive polymers are electrodeposited transforming 
the original structure into a wide range of user-defined new designs including scaled replicas 
with sub 100 nm-level control of feature sizes and complex 3D shapes such as tapered or bent 
columnar structures bearing hier-
archical features. Fig. 16 shows a 
library of such modified mi-
cro/nanostructures that can be 
created by STEPS fabrication 
method. Gradients of patterns 
and shapes on a single substrate 
can also be produced. This 
bench-top fabrication protocol 
allows the production of custom-
ized libraries of arrays of closed-
cell or isolated HAR mi-
cro/nanostructures at a very low 
cost within a week when starting 
from a silicon master that other-

Figure 13  

 
Figure 14. Demonstration of reversible achiral and chiral pattern formation by
swelling. The color-coded arrows in the insets indicate the handedness of vertices. 
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wise would be very expensive and 
slow to produce using convention-
al MEMS techniques. Fig. 17 
highlights the capability and use-
fulness of STEPS fabrication 
method that were featured as the 
cover story of each issue of Nano 
Letters and Nature Protocols 
(February 2012).  

Bioinspired self-repairing slip-
pery surfaces with pressure-
stable omniphobicity  
Joanna Aizenberg, Harvard University  

Creating a robust synthetic surface that repels various liquids would have broad technological 
applications for areas ranging from biomedical devices and fuel transport to architecture but has 
proved extremely challenging. Inspirations from natural nonwetting structures, particularly the 
leaves of the lotus, have led to the development of liquid-repellent microtextured surfaces that 
rely on the formation of a stable air–liquid interface. Despite over a decade of intense research, 
these surfaces are, however, still plagued with problems that restrict their practical applications: 
limited oleophobicity with high contact angle hysteresis, failure under pressure and upon physi-
cal damage, inability to self-heal and high production cost. To address these challenges, we have 
developed a strategy to create self-healing, slippery liquid-infused porous surface(s) (SLIPS) 
with exceptional liquid- and ice-repellency, pressure stability and enhanced optical transparency.  

Our approach—inspired by Nepenthes pitcher plants—is conceptually different from the lotus 
effect, because we use nano/microstructured substrates to lock in place the infused lubricating 
fluid (Fig. 18). We define the re-
quirements for which the lubri-
cant forms a stable, defect-free 
and inert ‘slippery’ interface. This 
surface outperforms its natural 
counterparts and state-of-the-art 
synthetic liquid-repellent surfaces 
in its capability to repel various 
simple and complex liquids (wa-
ter, hydrocarbons, crude oil and 
blood), maintain low contact an-
gle hysteresis (<2.5º), quickly re-
store liquid-repellency after phys-
ical damage (within 0.1–1 s) (Fig. 
19), resist ice adhesion, and func-
tion at high pressures (up to about 
680 atm). We show that these 
properties are insensitive to the 
precise geometry of the underly-
ing substrate, making our ap-
proach applicable to various inex-

Figure 15. Visualization of chiral amplification. Rapid swelling of original
structures gives a statistically equal distribution of left- and right-handed struc-
tures. These chiral domains can be selected and amplified. We first map the
chiral domains upon rapid swelling. Subsequently, the structure recovers the
unbuckled configuration, where the handedness map is given in faded red and
blue. Buckling is then initiated at a location selected from the handedness map
to induce a uniform pattern of the desired handedness.  

 
Figure 16. Example SEM images of STEPS-modified structures. (a) STEPS-I on
a nanopost array, modifying the diameter and the gap. (b) STEPS-II on a microp-
ost array, converting posts into cones. (c) STEPS-I on a honeycomb microwell
array, reducing the well size and increasing the wall thickness. (d) STEPS-II on
honeycomb microwell array with gradually increasing overhanging features with
re-entrant curvature. (e, f) Comparison of STEPS-I and STEPS-II methods to fill
a gap between adjacent HAR features, side-by-side filling when STEPS-I method
is used (e) or bottom-to-top filling when STEPS-II method is used (f). (g)
STEPS-III on a nanopost array, converting posts into bent posts. (h) STEPS-III
on a honeycomb microwell array, creating anisotropically grown polymer lips,
pockets and hollow dumplings. (i) STEPS-IV on nanopost array, converting the
structure into hierarchical structures. Scale bars, 2 μm (a–g, i) and 10 μm (h),
respectively.  
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pensive, low-surface-energy structured materials (such as 
porous Teflon membrane). We envision that these slip-
pery surfaces will be useful in fluid handling and trans-
portation, optical sensing, medicine, and as self-cleaning 
and antifouling materials operating in extreme environ-
ments.  

Exploratory Topics  
George M. Whitesides, Harvard University; Ilhan A. Aksay, 
Princeton University  

In addition to major thrusts in electrowelding and 
jamming, we examined topics that fit into our overall 
program vision and would lead to possible new research 
areas.  

Van der Waal bonding of fiber reinforced sheets  
We created a series of atomically smooth, fiber rein-

forced elastomeric sheets (Fig. 20a). When stacked, the 
conformal contact between the sheets leads to strong Van 
der Waal interactions and the assembly can withstand 
very high tensile loads (Fig. 20a, b). Our main interests 
concerned the transfer of shear forces through the elas-
tomer to the sheets, combinations of different fibers, and 
if this approach could be combined with electrowelding 
or dielectric elastomers using conductive carbon fabrics 
as reinforcers.  

2D Jamming surfaces  
We investigated the jamming of hard materials on two 

dimensional (2D) surfaces. The experimental design 
(Fig. 21a) relied on high aspect ratio pillars arranged 
sparsely on stretchable elastomeric surfaces. By collaps-
ing the surface using vacuum we could consolidate the 
hard objects at will (Fig. 21b, c). This strategy can be 
used to reversibly change the mechanical, optical, or 
electric properties of a surface.  

1D Jamming surfaces  
Similar to the two dimensional sys-

tem, we also investigated jamming of 
one dimensional systems (1D) (Fig. 21d, 
e). This system can be useful for adapt-
ing resistance to orthogonal forces and 
torque.  

Pneumatic bone  
We examined hierarchical pneumatic 

structures to amplify stiffness via pneu-
matic pressurization. The current design 
(Fig. 22) can support a load of 2 kg at 

 
Figure 17. Two recent journal cover images (both
were published in February 2012) highlighting the
unique capability of STEPS fabrication method
and representative mechanically reinforced mi-
cro/nanostructures. Left: A combined SEM images
of nanoposts showing how the structure is trans-
formed to reinforced cone shapes by a series of
electrochemical deposition. Right: An SEM image
showing an array of ‘Y’ shape microstructure with
reinforced bottom.  

Figure 18. (Left) Schematics showing the fabrica-
tion of a slippery surface by infiltrating a func-
tionalized porous solid with a low-surface energy,
chemically inert liquid to form a physically
smooth and chemically homogeneous lubricating
film on the surface of the substrate. (Right) A
scanning electron micrograph showing the mor-
phologies of a Teflon-based porous nanofiber
network. 

 
Figure 19. (Left) Time-lapse images showing the capability of a SLIPS
to self-heal from physical damage ~50 mm wide on a timescale of the
order of 100 ms. (Right) Time-lapse images showing the restoration of
liquid repellency of a SLIPS after physical damage, as compared to a
typical hydrophobic flat surface (coated with DuPont Teflon AF amor-
phous fluoropolymers) on which oil remains pinned at the damage site.  
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650 mBar. Other device architectures and new elastomer/fiber 
composites that were developed to increase the stiffness amplifi-
cation.  

Graded Matter  
Inspired by the beaks of squid and octopi, we were interested 

in creating structures with stiffness gradients. We wanted to be 
able to not only create the gradients simply; we wanted to be 
able to reconfigure or reverse the gradients in an equally simple 
way. Our approach was to embed ferromagnetic enforcing pow-
der (iron) inside of a PVA-copolymer (a thermoplastic) matrix. 
By heating the thermoplastic matrix in the presence of a magnet-
ic field we could easily create a gradient of enforcing powder 
(Fig. 23a). We sectioned and measured the compressive moduli 
of these structures to quantify the gradients (Figure 23b).  

High Surface Area Electroactive Films  
We described a scalable method for producing continuous 

graphene networks by tape casting surfactant-stabilized aqueous 
suspensions of functionalized graphene sheets. Similar to all 
other highly connected graphene-containing networks, the de-
gree of overlap between the sheets controls the tapes' electrical 
and mechanical properties. However, unlike other graphene-
containing networks, the specific surface area of the cast tapes 
remains high (>400 m2·g-1). Exhibiting apparent densities be-
tween 0.15 and 0.51 g3·cm-3, with electrical conductivities up to 
24 kS·m-1 and tensile strengths over 10 MPa, these tapes ex-
hibit the best combination of properties with respect to density 
heretofore observed for carbon-based papers, membranes, or 
films.15  

Controlling the Size of Graphene Oxide Sheets  
We have studied the effect of the oxidation path and the me-

chanical energy input on the size of graphene oxide sheets de-
rived from graphite oxide. The cross-planar oxidation of 
graphite from the (0002) plane results in periodic cracking of 
the uppermost graphene oxide layer, limiting its lateral dimen-
sion to less than 30 μm. We used an energy balance between 
the elastic strain energy associated with the undulation of gra-
phene oxide sheets at the hydroxyl and epoxy sites, the crack 
formation energy, and the interaction energy between graphene 
layers to determine the cell size of the cracks. As the effective 
crack propagation rate in the cross-planar direction is an order 
of magnitude smaller than the edge-to-center oxidation rate, 
graphene oxide single sheets larger than those defined by the 
periodic cracking cell size are produced depending on the as-
pect ratio of the graphite particles. We also demonstrated that 
external energy input from hydrodynamic drag created by fluid 

Figure 20. (a) Schematic of stacked, 
fiber reinforced elastomeric sheets. (b) 
Schematic of tensile load test. (c) Tensile 
load trends as a function of interleaved 
sheet number.  

Figure 21. (a) Schematic operation of the
a 2D jamming surface. (b) Photograph of
a test structure unjammed and (c)
jammed. (d) Schematic of a 1D jamming
surface. (e) Torque and elongation plots.
Inset is a photograph of the device
jammed. 
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motion or sonication, further reduces the size of the graphene 
oxide sheets through tensile stress buildup in the sheets.16  

FGS in Dye-Sensitized Solar Cells  
Several techniques for fabricating FGS electrodes were tested 

for catalytic performance in dye-sensitized solar cells (DSSCs). 
By using ethyl cellulose as a sacrificial binder, and partially 
thermolyzing it, we were able to create electrodes which exhib-
ited lower effective charge transfer resistance (<1 Ω·cm2) than 
the thermally decomposed chloroplatinic acid electrodes tradi-
tionally used. This performance was achieved not only for the 
triiodide/iodide redox couple, but also for the two other major 
redox mediators used in DSSCs, based on cobalt and sulfur 
complexes, showing the versatility of the electrode. DSSCs us-
ing these FGS electrodes had efficiencies (η) equal to or higher 
than those using thermally decomposed chloroplatinic acid elec-
trodes in each of the three major redox mediators: I 
(ηFGS = 6.8%, ηPt = 6.8%), Co (4.5%, 4.4%), S (3.5%, 2.0%). Through an analysis of the ther-
molysis of the binder and composite material, we determined that the high surface area of an 
electrode, as determined by nitrogen adsorption, is consistent with but not sufficient for high per-
forming electrodes. Two other important considerations are that (i) enough residue remains in the 
composite to maintain structural stability and prevent restacking of FGSs upon the introduction 
of the solvent, and (ii) this residue must not disperse in the electrolyte.17  

FGS in Batteries  
The lithium-air battery is one of the most promising technologies among various electrochem-

ical energy storage systems. We demonstrate that a novel air electrode consisting of an unusual 
hierarchical arrangement of functionalized graphene sheets (with no catalyst) delivers an excep-
tionally high capacity of 15,000 mAh/g in lithium-O2 batteries which is the highest value ever 
reported in this field. This excellent performance is attributed to the unique bimodal porous 
structure of the electrode which consists of microporous channels facilitating rapid O2 diffusion 
while the highly connected nanoscale pores provide a high density of reactive sites for LiO2 reac-
tions. Further, we show that the defects and functional groups on graphene favor the formation of 
isolated nanosized Li2O2 particles and help prevent air blocking in the air electrode. The hierar-
chically ordered porous structure 
in bulk graphene enables its prac-
tical applications by promoting 
accessibility to most graphene 
sheets in this structure.18  

Figure 23. (a) Schematic showing creation of the graded structure. Uniform
heating is applied and the filler is pulled toward the magnet. (b) We can create
gradients with and against the force of gravity. By sectioning the resulting struc-
tures and measuring their compressive moduli we see the expected trend: the 
stiffest sections are toward to magnet. 

Figure 22. (a) Schematic of the pneu-
matic bone architecture. Each circle
represents an inflatable tube. (b) The
bone is flexible when not pressurized
but stiff (c) when pressurized.  
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